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OVERVIEW OF THE TALK

Why interferometry?

The Square Kilometre Array: the telescope and the project

SKA pathfinders and precursors: the golden age of radio astronomy
On-going and future radio surveys: the full sky at high-sensitivity

A science case: galaxy clusters at radio wavelengths



THE SQUARE KILOMETRE ARRAY (SKA):

THE LARGEST RADIO INTERFEROMETER
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WHY INTERFEROMETRY?

Angular resolution: 0 = A/D Angular resolution: 0 = A/B



WHY INTERFEROMETRY?

Vers la source

Correlator

One visibility
for each couple of antennae

Sky Image

Angular resolution: 0 = A/B



FROM VISIBILITIES TO RADIO IMAGES

Visibility



FROM VISIBILITIES TO RADIO IMAGES
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FROM VISIBILITIES TO RADIO IMAGES
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FROM VISIBILITIES TO RADIO IMAGES
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THE SQUARE KILOMETRE ARRAY (SKA)

i nas
: Aperture Arrays

2 A collecting area of 1 km?

2 Observing from 50 MHz
to =14 GHz

2 Sub-arcsec angular
resolution

2 FoV of several deg?




THE SQUARE KILOMETRE ARRAY (SKA)
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THE PRECURSORS

* Location: South Africa

+ Max baseline: 8 km

+ Frequency coverage: 0.5 - 10 GHz
MeerKAT * Number of antennas: 64

 Diameter of antennas: 13.5 m

- Fully operational from 2017

- Location: Australia
- Max baseline: 6 km
ASKAP - Frequency coverage: 0.7 - 8 GHz
- Number of antennas: 36
- Diameter of antennas: 12 m
* Fully operational from 2016

- Location: Australia

« Max baseline: 3 km

* Frequency coverage: 80 - 300 MHz
MWA  Number of stations: 128

- Antennas per station: 16

* Fully operational since 2012




SKA MEMBERS & GOVERNANCE

sllvIlE™ ISP iS 5 =58 I==EmN
‘ Full members 7/// African partner countries _
\\\\ SKA Headquarters host country (non-member SKA Phase 2 host countries)

//// SKA Phase 1 and Phase 2 host countries

This map is ntended for reference only and is not meant 10 represent legal borders

« UK Company Limited by Guarantee

 Expedient solution to enable SKA project to proceed; long-term governance
structure under review - studying establishing a treaty organisation



THE SKA HEADQUARTERS

Jodrell Bank
(UK)
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SKA-Mid: ~ 190 15m dishes + MeerKAT, RSA

SKA PHASE 1

2 sites (South Africa, Australia);
3 telescopes; one Observatory
Frequency range SKA1: 50 MHz - 14 GHz '

Cost-cap: €650M
Construction: 2017 - 2023
Early science: 2020
Phase 2 SKA: 2023 - 2030

Courtesy: Phil Diamond

SKA-Low: ~ 260,000 low-freq dipoles, AUS SKA-Survey: ~ 60 15m dishes + ASKAP, AUS



RE-BASELINING (1)

» SKA1-Mid in South Africa should be built, incorporating MeerKAT. 70% of the planned 190 SKA1 dishes should be
constructed with a target of delivering baseline lengths of 150km, but with a fallback of 120km if funding is

constrained. Receiver bands 2, 5 and 1 should be constructed for all SKA1-Mid dishes, with their priority order as
written. Capability to form and process 50% of the planned pulsar search beams should be delivered.

» SKA1-Low in Australia should be built. 50% of the planned 262,144 low frequency dipoles should be deployed.
The array should cover the frequency range 50-350 MHz, as planned. The current planned baseline lengths of
~80km should be retained. The inclusion of a pulsar search capability for SKA1-Low (currently an Engineering

Change Proposal on hold) should be actively explored.
coverage: 0.350 - 1. !

* SKA1-Survey in Australia should be deferred.

SKA-Low: 50% of the 260,000 low-freq dipoles, AUS



RE-BASELINING (I1)

It is also recommended that the Board approve funding, with Australia’s agreement, for the operations of ASKAP as
an integral component of SKA1; the start date to be negotiated with Australia. This would enable ASKAP to provide
SKA1 with an early survey capability and also serve as a platform for the development of next-generation PAFs.

SKAO will immediately implement the variations in the design via a series of Engineering Change Proposals, which
would require full documentation and review through our now standard processes. A new Baseline Design

document will be generated for consideration at the July 2015 Board meeting.

Phil Diamond March 2015 Max baseline: 6 km
Frequency coverage: 0.700 - 1.8 GHz

FoV: 30 d @1.4 GH
PAF = Phased Array Feed OV: S0 square degree z

ASKAP: 36 12m dishes, AUS



SKA
PROCESSING
CHALLENGE
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SKA1 MID the SKAs mid- frequency instrument

wi be the worlds largest rado telescope
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PREPARATION PROCESS TO THE SKA
SKA WORK PACKAGES

2 Assembly, Integration and Verification (AIV)

2 Central Signal Processor (CSP)

2 Dish (DSH)

2 Infrastructure Australia & Africa (INFRA AU/SA)
2 Low-Frequency Aperture Array (LFAA)

2 Mid-Frequency Aperture Array (MFAA)

2 Signal and Data Transport (SaDT)

2 Signal Data Processor (SDP)
2 Telescope Manager (TM)

2 Wideband Single Pixel Feeds (WBSPF)



NOT ONLY PRECURSORS:

THE SKA PATHFINDERS

Precursor facility:
A telescope on one of the
two candidate sites

Pathfinder:
SKA-related technology,
science and operations
activity




NOT ONLY PRECURSORS:
THE SKA PATHFINDERS

JVLA (us)

o Pathfinder:

o el - SKA-related technology,
science and operations
activity




NOT ONLY PRECURSORS:
THE SKA PATHFINDERS

JVLA (us)

o Pathfinder:
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LOFAR = SOFTWARE TELESCOPE
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THE FIELD OF VIEW (FoV)




LOFAR FOV (PRIMARY BEAM)

Stappers et al. 2011



LOFAR FOV (PRIMARY BEAM)

Stappers et al. 2011
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LOFAR = software telescope
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DIRECTION DEPENDENT EFFECTS (DDE)

/

Intema et al. 2009

—

lonosphere —

Random fluctuations of the refractive
index —

Distorsions of the original wave front



DIRECTION DEPENDENT EFFECTS (DDE)

lonosphere —

Random fluctuations of the refractive
index —

Distorsions of the original wave front

Field of View « (v d)!

Angular resolution « (v D)

— T TT—

d = size of antennae

Intema et al. 2009 D = distance between antennae



DIRECTION & TIME DEPENDENT EFFECTS




DIRECTION & TIME DEPENDENT EFFECTS




A WIDE FREQUENCY COVERAGE

B | OFAR
& Europe

30-80 MHz +
110-240 MHz

MWA
Australia
80 - 300 MHz
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PREPARATION PROCESS TO THE SKA
SKA SCIENCE WORKING GROUPS

2 Epoch of Reionisation & the Cosmic Dawn
2 Galaxy Evolution — HlI

2 Galaxy Evolution — Continuum

2 Cosmic Magnetism

2 Cosmology

2 Transients

2 Pulsars (“Strong field tests of gravity”)

2 Astrobiology (“The Cradle of Life”)

Courtesy: Phil Diamond



PREPARATION PROCESS TO THE SKA
SKA SCIENCE WORKING GROUPS

Higher energy Spin
2 Epoch of Reionisation & the Cosmic Dawn state flip

2 Galaxy Evolution - HI @ @

: : 1420 MHz
2 Galaxy Evolution — Continuum = 21 c:%ﬂ\

2 Cosmic Magnetism

2 Cosmology
2 Transients
2 Pulsars (“Strong field tests of gravity”)

2 Astrobiology (“The Cradle of Life”)



Image courtesy: Bryan Christie Design
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- 54 TheHiNearby Galaxy Survey THINGS) @ .
' | : F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thornley, R. Kennicutt
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gﬁ! The HI Nearby Galaxy Survey (THINGS) @

N
)’._ F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thornley, R. Kennicutt

proton
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radio emassion



.y

: . Hercules A radio galaxy
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NASA, ESA, S. Baum and C. 0'Dea (RIT), R.
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Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScl/AURA)
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NASA, ESA, S. Baum and C. 0'Dea (RIT)-, R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScl/AURA)



PREPARATION PROCESS TO THE SKA
SKA SCIENCE WORKING GROUPS

2 Epoch of Reionisation & the Cosmic Dawn
2 Galaxy Evolution — HI

2 Galaxy Evolution — Continuum

2 Cosmic Magnetism

Magnetic

1000 100 10 1 0.1 0.01

S (Jy)

Spiraling
electrons




A GOLDEN AGE FOR RADIOASTRONOMY:
SKA PRECURSORS AND PATHFINDERS
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A GOLDEN AGE FOR RADIOASTRONOMY:
SKA PRECURSORS AND PATHFINDERS

Iéng:; Key Project “Surveys”
30-80 MHz + Key Project “Magnetism”
110-240 MHz
MWA GLEAM
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80 - 300 MHz + JVLA
AL gt g 1ol G RPN
LWA Sy RN EE S5 o AT =
APERTIF WODAN SMERLIN
| The Netherlands BEOWULF & FRIGG
1000 - 1750 MHz eEVN
SKA
ASKAP _ EMU Australia / South Africa
I;gs(:)tr_al;a8 o POSSUM ~50MHz - 15 GHz
W.G. Continuum Surveys
MeerKAT MIGHTEE W.G. Cosmic Magnetism
?glgg {-\f1r|7cgo Mz (Continuum & Polarization)




SUMMARY PLOT FOR RADIO SURVEYS (1)

. SFR~10 Msun/yr: z~0.5 (Wide), i
z~2 (Deep), z~4 (Ultra-Deep)
10°
- Complementary morphology &
cinematic of HI up to z~0.8-1 .
“a 100
- Bulk of AGN populationdownto 2
L~102 W/Hz, z~0.5 (Wide), z~2 ¢ .
<
(Deep), z~4 (Ultra Deep)
- 0.5" resolution at ~1 GHz {
(i.e. Euclid~0.2” & LSST~0.7")
0.1

Prandoni & Seymour
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SUMMARY PLOT FOR RADIO SURVEYS (I1)
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SUMMARY PLOT FOR RADIO SURVEYS (I1)
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MSSS:
LOFAR’S FIRST IMAGING SURVEY

MSSS-LBA MSSS-HBA
2 Frequency: 30-75 MHz 2 Frequency: 115-180 MHz
2 Resolution: <100 arcsec 2 Resolution: <120 arcsec
2 Sensitivity: <15 mdy/beam 2 Sensitivity: <56 mJdy/beam
2 Area: 20,000 square degrees 2 Area: 20,000 square degrees
2 Simultaneous beams: 5 (~109 2 Simultaneous beams: 6 (~4°)

Number of Fields: 660 Number of Fields: 3616



MSSS:
LOFAR’S FIRST IMAGING SURVEY

MSSS-LBA MSSS-HBA
2 Frequency: 30-75 MHz 2 Frequency: 115-180 MHz
2 Resolution: <100 arcsec 2 Resolution: <120 arcsec
2 Sensitivity: <15 mdy/beam 2 Sensitivity: <56 mJdy/beam
2 Area: 20,000 square degrees 2 Area: 20,000 square degrees
2 Simultaneous beams: 5 (~109 2 Simultaneous beams: 6 (~4°)
Number of Fields: 660 Number of Fields: 3616

Goals: obtain broadband sky model & shakedown LOFAR operations



) - 200,000 S0urces

Field: LO70+69 ID: 001
RA: 04:34:27.0291 Dec: 72:29:11.2712

Distance center: 3.301
Number of detections: 8 [123456 7 8)
Spectral index: -0.72 + 0.21

y' =6.96 (6 d.o.f)

Catalogue detection: 0434.4+7229

Flux (mJy)
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EARLY MSSS-HBA MosAiC (1)
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325 MHz Radio Power [W/Hz]

A

Schoenmakers+ (200
MSSS GRG-1 (a=-0.8)
MSSS GRG-1 (a=-1.2)

1) sample

1000
Linear size [kpc]

N

~100 kpc




IMPORTANCE OF LOW FREQUENCY
OBSERVATIONS

100 ¢
Peak frequency of synchrotron emission :
10
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i = Radiative lifetime of relativistic electrons :
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EARLY MSSS-HBA MOSAIC (2)
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EARLY MSSS-HBA MOSAIC (2)

The galaxy cluster Abell 2255.@ 25 ¢
| (WSRT)

+60° +64°30"

+64°15’

Declination (J2000)

Declination (42000 )

+64°00’

+54° +63°45'

17h1e™ 14™ 12m o™
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CLUSTERS OF GALAXIES

Optical: NASA/STScl, ESO/VLT, SDSS



CLUSTERS OF GALAXIES

X-ray: NASA/CKC/Caltech/A.Newman et al/Tel
Aviv/A.Morandi & M.Limousin

Optical: NASA/STScl, ESO/VLT, SDSS



*  Optical + X-rays




~.The“Bullef Cluster”
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GALAXY CLUSTER FORMATION




Spectacular radio emission from galaxy clusters
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DIFFUSE RADIO EMISSION IN CLUSTERS
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— Detected in less than 10% of known clusters (=“radio loud”)
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INTRA-CLUSTER MAGNETIC FIELDS

Magnetic fields:

helical path 2 ubiquitous in galaxy clusters
magnetic field, B

2 same properties regardless of
the presence of diffuse radio
emission

(e.g. Bonafede+ 11)

— The difference between “radio-quiet” and “radio-loud” clusters
appears to be in their relativistic electron population




INTRA-CLUSTER PRIMARY COSMIC RAYS

Internal processes

CRs accelerated inside cluster galaxies and
then injected

- SNae driven galactic winds
- AGNs

Shull 09 Courtesy: Koekemoer - -
‘e ‘

Primary cosmic rays
protons (CRPs) & electrons (CRESs)

External processes

CRs acceleration driven by the assembly of clusters
- accretion shocks (M ~ 103)
- merging shocks (M ~ 3-10)
- |ICM turbulence

Courtesy: Vazza

X-ray luminosity Shock strength



LIFETIME OF INTRA-CLUSTER
COSMIC RAYS
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The lifetime of cosmic-rays in clusters
depends on diffusion and energy
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ORIGIN OF RADIO EMITTING RELATIVISTIC
ELECTRONS ?

> 1 Mpc (3 x10%2 m)

-‘ Dimensions: ~ 1 Mpc
Crossing time of e -9.5 Gyr

Life time of e: ~ 0.1 Gyr

A2163: radio halo

Feretti+ 01 . (e.g. Ferrari+ 08)
ol

— Spatially distributed acceleration of primary electrons through
shocks and turbulence associated to cluster mergers




WHICH CLUSTERS HOST MPC-SCALE
RADIO SOURCES?
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WHICH CLUSTERS HOST MPC-SCALE
RADIO SOURCES?
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WHICH CLUSTERS HOST MPC-SCALE
RADIO SOURCES?
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IMPORTANCE OF LOW FREQUENCY

OBSERVATIONS
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GALAXY CLUSTERS & MSSS
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MSSS SENSITIVITY
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LOFAR KEY PROJECT SURVEYS

2 Large Area Survey (Tier 1)

ort ster. @ 15, 30, 60, 120 MHz oo a .A... g

783 deg?@ 200 MHz . Y — woomase -
— 100 galaxy clusters @ z > 0.6 ] K |
~ 200 radio-galaxies @ z > 7 T S e

» _ S~ A

? Deep Area Survey (Tier 2) g _— i

Several hundreds deg® @ 30, 60, 120, 200 MHz O_li _—
— SFR =10 Msun/yr @z =0.5 o am — —
— SFR =2 100 Msun/yr @ z = 2.5 o iFél)’gquency; [MH;] oo
2 Ultra-Deep Area Survey (Tier 3) Courtesy: H. Réttgering

~70 deg® @ 150 MHz

— 20 proto-clusters @ z > 2



ON-GOING LOFAR SURVEYS
LOFAR CYCLES O-1

Images by R. van Weeren
(Toothbrush Galaxy Cluster)

Full resolution (5x7 arcsec), 140-160 MHz
close to thermal noise (190-250 microJy/beam)

Only 30% of available bandwidth !

(45 arcsec) (22 arcsec)

Courtesy: H. Rottgering & LOFAR Surveys KP



ON-GOING LOFAR SURVEYS
LOFAR CYCLES O-1

LOFAR VLA

Radio Power

Cassano+ 10
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Courtesy: A. Bonafede for the LOFAR galaxy cluster group . o5 R 0 ]



DIFFUSE RADIO EMISSION FROM GALAXY

CLUSTERS WITH SKAIT
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Relativistic electron population

+ Magnetic field model

Faraday tool (Murgia+ 04)
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DIFFUSE RADIO EMISSION FROM GALAXY
CLUSTERS WITH SKAIT

Radio galaxies + 8 hours observations
Radio halo (P1.46Hz ~ 1 x 1024 W/Hz) 60 sec integration time
@z=0.5 50 MHz BW starting @ 1415 MHz

Relativistic electron population Simulations of SKA1 MID & SUR
+ Magnetic field model observations
Faraday tool (Murgia+ 04) MeqTrees tool (Noordam & Smirnov 10)



SIMULATED SKAT-MID OBSERVATIONS

SKATMID —

Radio maps before deconvolution from the instrument PSF

1 arcsec resolution
Ferrari+ 15

MORESANE algorithm :

new deconvolution method based on sparse representations developed @ OCA, Nice (FR)
Dabbech+ 12; Dabbech+ 15




FROM VISIBILITIES TO RADIO IMAGES
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UP TO WHICH REDSHIFT CAN WE DETECT
CLUSTERS WITH SKAI-MID ?

ey
s _;' S~
; At
i MORESANE MORESANE MS-CLEAN MS-CLEAN
Simulated cluster ) )
source model residuals source model residuals

Ferrari+ 15




COSMIC FILAMENTS
LIGHTING UP IN
RADIO?

Courtesy: F. Vazza



COSMIC FILAMENTS
LIGHTING UP IN
RADIO?
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Courtesy: F. Vazza

Vazza+ 15



CONCLUSIONS

Exciting science expected with SKA and its pathfinders / precursors
SKA: all-science instruments releasing reduced data
Challenging instruments

The community is widening



“Advancing Astrophysics with the Square Kilometre Array”, June 2014, Giardini Naxos, ltaly



